The eyes Bilateral enucleation will block photoentrainment to very bright natural light stimuli (Nelson and Zucker, 1981) . There is a direct retinal projection (retinohypothalamic tract [RHT] ) to the suprachiasmatic nuclei (SCN, the "master clock" of mammals) (Moore et al., 1995) .
(2) Are There Differences in the Processing of Light Information by the Visual and Circadian Systems?
Answer Evidence
Yes
The thresholds for phase-shifting circadian rhythms are significantly higher than the light levels required for visual responses (Nelson and Takahashi, 1991) . The circadian system is insensitive to light stimuli of a short duration but can integrate light information over long periods of time (minutes). By contrast, integration times for visual responses are in the order of seconds (Nelson and Takahashi, 1991) . The retinal ganglion cells (RGCs) that project to the SCN are scarce, spread across the retina, and have extensive dendritic arbors. This will reduce the spatial resolution of the projection but increase the sampling area. In addition, there is an absence of retinotopic order in the RHT; RGCs project randomly to the retinorecipient areas of the SCN (see Provencio et al., 1988a) . Rodents that lack classical visual responses are still capable of normal photoentrainment.
Two functionally distinct systems exist for processing light information in the mammalian eye: an "image-forming" system, which constructs a representation of the environment, and a "non-image-forming" photoreceptor system, which deduces gross changes in the overall amount of light at different times of day (Foster et al., 1991 (Takahashi et al., 1984; Provencio and Foster, 1995) .
For additional information and references, see text.
the apparent sensitivity of the pigment and grossly disrods have degenerated, and between 90 and 150 days of age electrophysiological and behavioral responses tort the fit of the action spectrum to a nomogram. The close agreement between the phase-shifting action to crude visual stimuli have disappeared. A relatively small number of cones survive into old age, but these spectra and a Dartnall nomogram argues that the circadian photoreceptors of rodents are opsin based and cells lack outer segments. Despite the massive loss of rods and cones, rd/rd mice show circadian responses ocular. But which ocular photoreceptors regulate the clock?
to light that are unattenuated when compared with nondegenerate control mice (rd/ϩ, ϩ/ϩ). The irradiance reDisentangling those ocular cells which mediate photoentrainment from the mass of neurons dedicated to quired to produce both saturating and half-saturating phase-shifting responses was found to be identical for image detection has been a major problem. The use of retinally degenerate mouse models has provided a all genotypes (rd/rd, rd/ϩ, ϩ/ϩ). Remarkably, the sensitivity of the circadian system to light does not parallel partial solution to this issue. These "reduced preparations" have been used to correlate the loss of specific loss of either rod or cone photoreceptors. However, removal of the eyes abolishes all circadian responses photoreceptors with an animal's ability to entrain to different light stimuli. Mice homozygous for retinal degento light in rd/rd mice (Foster et al., 1991) . The findings in rd/rd mice showed that rods are not eration (rd/rd) were the first animals to be used for such studies. These mice experience a massive degeneration required for photoentrainment. Perhaps the remaining cones, which lack outer segments, are able to maintain of rod and cone photoreceptors. By 60 days of age most normal photoentrainment? In recent experiments, the see Provencio et al., 1998a) and by behavioral and anatomical studies on the blind mole rat (Spalax ehrenbergi). need of cones for photoentrainment has been examined. Mice are known to have two cone types, a "green" or Spalax retains the ability to regulate its biological clock by light but lacks any ability to use its eyes for the M-cone, maximally sensitive near 510 nm, and a UV or S-cone, maximally sensitive near 360 nm. The requireconstruction of a visual image. This subterranean mammal has minute eyes ‫006ف(‬ m in diameter) buried bement for M-cones in photoentrainment has been examined by utilizing transgenic mice that contain an inteneath the skin, and the brain structures involved in image analysis and visually guided behaviors are severely regrated fusion gene consisting of a portion of the human red cone opsin promoter linked to an attenuated diphduced or absent. For example, the dorsal lateral geniculate nucleus consists of a narrow sheet of tissue three theria toxin gene. These transgenic mice have rod photoreceptors, a substantially reduced number of S-cones, to five cells thick, and the medial terminal nucleus is absent. By contrast, the SCN is well developed and and no M-cones. The circadian system of M-coneless mice responds to monochromatic green light (max, 515 receives a bilateral projection from the retina. These animals lack visual responses but are capable of entrainnm) in a manner similar to congenic wild-type controls (Freedman et al., 1997) . These data are consistent with ing their locomotor rhythms to light cycles, and critically, enucleation of Spalax blocks all photoentrainment (for the hypothesis that there is complete redundancy of the photoreceptor inputs to the clock. Thus, in the absence references, see Cooper et al., 1993) . Over the past 30 million years, evolutionary processes appear to have of the M-cones, rods (maximally sensitive around 500 nm) mediate photoentrainment, while in the absence of disentangled and eliminated the image-forming visual system of this animal while retaining those components the rods (e.g., rd/rd mice), cones regulate the clock. Alternatively, a third photoreceptor, neither the rods nor of the eye that regulate the biological clock.
Based on their work in humans, Campbell and Murphy the cones, may mediate/contribute to photoentrainment. In an attempt to distinguish between these possihave proposed that the eyes are not required for the photic regulation of the mammalian biological clock. bilities, rodless transgenic mice (rdta mice) (McCall et al., 1996) and M-cone transgenic mice were bred, and They suggest that illumination of the skin and/or vasculature provides a route (Campbell and Murphy, 1998) , the progeny of these genetic crosses was examined. Preliminary results suggest that subsaturating levels of or even the route (Oren, 1996) , by which light can regulate the biological clock of mammals. These conclusions monochromatic light (max, 515 nm) still induce large phase shifts in the circadian behavior of these animals are not supported by studies in rodents (Table 1) . In both diurnal and nocturnal rodents, enucleation blocks (Roenneberg and Foster, 1997) . As both M-cones ( max , 510 nm) and rods ( max , 500 nm) have been eliminated, the entraining effects of sunlight at intensities considerably higher than those used by Campbell and Murphy the data are consistent with the hypothesis that the mammalian eye contains an unrecognized/novel photo illuminate the knee. Ocular, rather than extraocular, photoreceptors mediate rodent photoentrainment. Furtopigment sensitive to photons around 500 nm. The possibility that the mammalian eye contains unrecognized thermore, action spectra for phase shifting the biological clock of mice and hamsters implicates photopigments photopigments has attracted some general interest because of the recent discovery of novel retinal photopigbased upon opsin/retinaldehyde. These results are inconsistent with the hypothesis that humoral photorements within the eyes of fish and amphibians (Provencio et al., 1998b) . Work in a ceptors, based upon a tetrapyrrole photopigment, mediate mammalian photoentrainment. That the recent work number of laboratories is currently attempting to isolate such retinal pigments in mammals. Naturally, the finding of Campbell and Murphy should be so at odds with the rodent data is puzzling and clearly warrants further of a novel "circadian photopigment" would not mean that the rods and cones play no role in mammalian investigation. Retinally degenerate rodents entrain their circadian rhythms to light. These results, however, do photoentrainment. Indeed, several studies have implicated cone photoreceptors (Provencio and Foster, 1995;  not support the existence of extraocular photoreception, because enucleation of these animals blocks pho- Zeitzer et al., 1997; Yoshimura and Ebihara, 1998) . The experiments outlined above merely suggest that rods toentrainment. Rather, these behavioral results, along with anatomical findings (Table 1) , support the hypotheand cones are not required for photoentrainment.
Results from rd/rd mice have shown that classical sis that there are two functionally distinct systems for visual blindness need not result in circadian blindness.
processing light information within the CNS of mamConfusion has arisen because references to the data mals: an image-forming system, which constructs a vihave not been qualified by the explicit statement that sual representation of the environment, and a nonenucleation of rd/rd mice will block photoentrainment.
image-forming light detection system, which provides Work in rd/rd mice does not support the existence of information about environmental irradiance. extraocular photoreception. The results do, however, support the hypothesis that the mammalian eye per-
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centers of the brain, in the rat and mouse (for references,
